The two fragments produced in fission reactions induced by 208 Pb projectiles impinging on a liquid hydrogen target at 500A MeV have been fully identified in coincidence. The experiment was performed at GSI Darmstadt, where the combined use of the inverse kinematics technique with an efficient detection setup permitted one to detect and to fully identify the fission fragments in a range from Z = 27 to Z = 52. The corresponding isotopic cross sections and velocities of the fission fragments were measured with high accuracy. The results are compared to state-of-the-art model calculations that reproduce the measured observables. Correlations between the two fragments were used to assess the role of charge polarization and the excitation energy gained by the nascent fragments using the neutron excess of the final fragments. The analysis of the average velocities of the fission fragments allowed us to parametrize the distance between the two fission fragments at scission as a function of the size of the fissioning system.
I. INTRODUCTION
Spallation reactions have recently raised an intense research activity, justified by their many practical applications in different fields: neutron spallation sources [1,2], acceleratordriven systems for incineration of nuclear waste [3] , and production of radioactive beams [4] [5] [6] are some examples. Traditionally, spallation reactions on protons hold also interest for astrophysics because it is the dominating reaction mechanism induced by cosmic rays in the interstellar medium [7] . Beyond that, this type of reaction turns out to be an ideal tool for investigating different deexcitation channels over a wide range of temperatures and fissilities, in particular fission.
Spallation-induced fission is particularly well suited to investigate the coupling between the collective and intrinsic excitations in nuclei because fissioning compound nuclei are produced with high excitation energies and low angular momenta [8] , fulfilling favorable conditions to study the evolution of this process [9] .
In recent decades, the investigation of some observables such as pre-and postscission neutron multiplicities [10] , γ ray [11] , and charged particles [12] confirmed that the dynamical evolution of the fissioning system cannot be explained in terms of the transition-state approach [13] , suggesting the need for including dissipative effects. Recently, it was also established that dissipative effects can explain fusion-fission cross sections at low excitation energies [14] . Unfortunately, that description of fission fails at high excitation energies [15, 16] where the lifetime of the fissioning compound nucleus is dominated by transient time effects. Evidence of transient time effects was recently found in proton-and deuterium-induced fission of subactinides and actinides [17, 18] at high excitation energies, providing relevant information about the dynamical evolution of the fissioning system from the ground state to the saddle point. The dynamical evolution beyond the saddle point [10] would require the complete characterization of both fission fragments in mass and atomic number.
Unfortunately, information on full isotopic distributions of fission fragments is scarce. First experiments were performed at the mass spectrometer Lohengrin [19] at the Institut LaueLangevin using thermal-neutron-induced reactions [20] [21] [22] [23] [24] [25] . This technique only allowed the identification of the light fission fragments because the velocities of the heavy ones are too small to correlate any measurable energy loss with their atomic number. In some cases, some isotopic yields of the heavy fragments could be obtained with radio-chemical techniques [26, 27] or β-delayed γ spectroscopy [28, 29] , but with limited precision.
In the late 1990s, different experiments were performed at GSI using the FRS spectrometer [30] to investigate spallationinduced fission in inverse kinematics, accelerating heavy projectiles that impinged on liquid targets of hydrogen and deuterium. In these experiments only one of the two fragments was detected and identified in mass and charge by the FRS, however, these measurements provided relevant information on the ground-to-saddle fission dynamics at high excitation energies [31] [32] [33] [34] [35] [36] . This technique was improved using a novel setup to measure the atomic number of both fission fragments [37] , while the FRS spectrometer [30] was used to produce and select secondary beams of fissile nuclei produced in fragmentation reactions of 238 U. This experiment allowed one to investigate the role of shell effects in the charge distributions of the final fission fragments by Coulomb excitation of the incoming projectiles [37] [38] [39] . Moreover, fission dynamics at high excitation energy was investigated by means of fragmentation-induced fission reactions. In particular, partial fission cross sections and the width of the charge distributions of the final fission fragments as a function of the atomic number of the fissioning system were used to assess the ground-to-saddle fission dynamics at high excitation energy [17, 40] .
Recently, new experiments at GANIL also took advantage of the inverse kinematics technique together with transfer-and fusion-induced fission reactions [41] [42] [43] . In these experiments transfer reactions were identified and reconstructed with an annular segmented silicon detector [43] . One of the fission fragments was identified in mass and atomic number using the spectrometer VAMOS [44] , while the second fragment was only identified in atomic number by energy-loss measurements using an ionization chamber and silicon detectors. These experiments provided for the first time complete mass-and atomic-number distributions of the fission fragments and their corresponding kinematics for several actinides such as 240 Pu and 250 Cf [42] .
To go a step further, an effort was made recently by the SOFIA collaboration at GSI [45, 46] to overcome the restrictions of conventional fission experiments to obtain complete isotopic measurements of both fission fragments. The present work reports on the results of proton-induced fission of 208 Pb obtained with this novel experiment in inverse kinematics, where both fission fragments were simultaneously detected and identified in atomic and mass number. These data allow us to validate a previous controversial measurement of the isotopic distributions of the fission fragments produced in the same reaction using the FRS spectrometer at GSI [35] . Taking advantage of the new experimental capabilities, correlations between the two fission fragments are investigated using the neutron excess and the widths of the isotopic distributions of the final fragments. These correlations allow us to assess the role of charge polarization and the excitation energy gained by the nascent fragments. Moreover, we use the average fission velocities of the fragments to investigate the distance between the two fission fragments at scission as a function of the size of the fissioning system.
II. EXPERIMENT
The experiment was performed at the GSI facilities in Darmstadt (Germany), where the SIS18 synchrotron was used to accelerate ions of 208 Pb up to 500A MeV with an intensity around 10 5 ions/s. The primary beam was then guided to Cave C where fission reactions were induced in a cylindrical target filled with liquid hydrogen (∼85 mg/cm 2 ) produced in a cryostat. The target was isolated by two windows consisting of aluminized-mylar foils with a thickness of 35 μm. Finally, a novel setup especially designed for the investigation of fission in inverse kinematics was used to separate fission from other reaction channels and to facilitate the identification of both fission fragments in atomic and mass number. Figure 1 shows a top-view schematic representation of the detector setup [47, 48] used in this experiment. The experimental setup is divided in two parts, one used to characterize the incoming beam ions and another dedicated to measure the fission fragments. The first part consists of a plastic scintillator detector (start) [49] used to measure the time of flight (ToF) of the fragments, a multisampling ionization chamber (MUSIC) [50] , and a time projection chamber (TPC) [51] . These last two detectors provide the beam identification and its position on the target, respectively.
A. Description of the experimental setup
The second part consists of a double multisampling ionization chamber (twin MUSIC) [52] , two multiwire proportional counters (MWPCs) [48, 53] , a large acceptance dipole magnet (ALADIN), and a ToF wall [49] . The twin MUSIC chamber, filled with P25 (74.5% of argon, 25% of CH 4 , and 0.5% of CO 2 ) gas, has a central vertical cathode that divides its volume (60-cm long, 20-cm high, and 20-cm wide) into two active parts, segmented in 10 anodes each. These anodes provide 10 independent energy-loss and drift-time measurements, which allow one to obtain the atomic numbers with a resolution below 0.43 charge units full width at half maximum (FWHM) and the angles on the plane X-Z with a resolution below 0.6 mrad (FWHM). MWPCs, situated in front and behind the dipole magnet, provide the horizontal (X) and vertical (Y) positions of the fission fragments. The MWPC situated in front of the dipole magnet (20-cm high and 20-cm wide) provides the X and Y positions with a resolution around 200 μm and 1.5 mm (FWHM), respectively, while the MWPC situated behind the dipole magnet (60-cm high and 90-cm wide) provides those positions with a resolution around 300 μm and 2 mm (FWHM), respectively. Both MWPCs were filled with a mixture of argon (80%) and CO 2 (20%). Finally, a ToF wall (60-cm high and 90-cm wide) made of 28 plastic scintillators (3.2-cm wide, 60-cm long, and 0.5-cm thick) allows one to measure the ToF of the fission fragments with respect to the 064616-2 start signal provided by the plastic scintillator located at the entrance of the experimental setup with a resolution around 40 ps (FWHM) [49] . The ALADIN magnet was set to a magnetic field of 1.6 T and its gap (200-cm long, 50-cm high, and 100-cm wide) was filled with helium gas at atmospheric pressure.
In addition, two pipes, also filled with helium gas at atmospheric pressure, were mounted in front of the twin MUSIC chamber and behind the dipole magnet ALADIN. The pipes were sealed by windows made of aluminized-mylar foils with a thickness of 35 μm and 50 μm, respectively. In all the cases, the helium gas was employed to reduce the energy and angular straggling of the fission fragments.
Finally, light-charged particles emitted in coincidence with fission fragments were identified using a ToF wall detector (ToF of LCPs), placed in front of the twin MUSIC chamber. This detector consists of two detection planes of segmented plastic scintillators (50-cm long, 6-cm wide, and 1-cm thick), one with six horizontal paddles and another with six vertical paddles, which leave a square hole (12.5 × 12.5 cm 2 ) in the center for the transmission of the fission fragments. The results obtained with this detector will be presented in a separate paper.
B. Identification of fission fragments
As discussed in Ref. [54] , the ionization chamber MUSIC was used to select the beam projectiles with atomic number Z = 82, while the TPC chamber provided the position of the beam ions at the hydrogen target. Fission events were identified using the energy loss of the fragments in each part of the twin MUSIC chamber, and the tracking capabilities of this detector were used to select fission events produced at the target position.
The atomic number of the fission fragments could be deduced based on the fact that the energy loss is proportional to the atomic number squared. In Fig. 2(a) we show the measured atomic-number histogram in the left part of the twin MUSIC detector (dotted histogram), corrected by the corresponding ToF measurements as shown in Fig. 2(b) . The final achieved resolution [solid histogram in Fig. 2(a) ] was better than 0.43 charge units (FWHM). The peaks were then calibrated using a previous measurement of the isotopic distribution of the fission fragments produced in this reaction as a reference [35] . Similar results were obtained for the right part of the detector.
The sum of the atomic numbers of the two fission fragments corresponds to the atomic number of the fissioning system (Z 1 + Z 2 ) assuming no proton evaporation after scission. As shown in Ref. [57] , the distribution obtained with the sum of the two atomic numbers provides an absolute calibration of the atomic number of the fissioning system. Taking this fact into account, in Fig. 3 we show a scatter plot of the atomic numbers registered in both sides of the twin MUSIC chamber after ToF corrections and based on independent calibrations. As can be seen in the figure, the dashed line corresponds to the atomic number Z 1 + Z 2 = 83, which is produced by single charge-exchange processes between projectile and target nuclei [55, 56] . Beyond the dashed line one can also observe spots from the production of double charge-exchange reactions. These results are in agreement with previous measurements [57] .
The horizontal positions obtained from the MWPCs and the angles from the twin MUSIC chamber give access to the curvatures of the trajectories of the fragments inside the dipole magnet ALADIN, providing their magnetic rigidity by taking into account the value of the magnetic field (1.6 T). The entrance angles on the plane X-Z were obtained from linear fits of the positions recorded by the 10 anodes of the twin MUSIC chamber. In Fig. 4 we present the position resolution (FWHM) of the anodes, obtained as the difference between the linear fit and the positions registered by the corresponding anode, as a function of the atomic number of the fission fragments. The position at each anode was obtained by using its drift-time signal and the velocity of the electrons in the gas. The resolution is shown for the left (solid squares) and right (solid circles) side. As can be seen in the figure, the resolution depends on the atomic number, as expected because the deposited energy in the anodes increases with the atomic number of the fission fragments. Therefore, the signal-to-noise ratio increases with the atomic number, improving the position resolution. In the figure, one can observe that both sections of the twin MUSIC chamber have similar position resolutions,
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Atomic number (Right side) evolving from 85 μm to 35 μm with the atomic number. These resolutions correspond to angular resolutions between 0.4 mrad and 0.1 mrad, respectively.
Full identification of the fission fragments is made using a ray-tracing method [58] coupled to GEANT4 simulations [59] to reconstruct their mass numbers. In the simulation, we took into account the composition, dimensions, and positions of the detectors, as well as the magnetic field and helium gas inside the dipole magnet ALADIN. Outside of the magnet we assume that fission fragments follow straight-line trajectories.
The reconstruction of the trajectories is performed using the measured atomic numbers, positions, and angles of the fission fragments before the dipole magnet ALADIN, as well as the positions on the target given by the TPC and tracking capabilities of the setup [54] as an input for the simulation. Then, different trajectories are simulated for each fission fragment covering the expected range of Bρ, between 6 and 10 Tm. The simulated trajectories are used to parametrize the flight path length and Bρ of each fission fragment as a Consequently, the mass number (A) is obtained for each fission fragment from its magnetic rigidity, velocity, and atomic number, according to the equation:
where Z is the atomic number provided by the twin MUSIC detector [see Fig. 2 (a)], B is the magnetic field inside the magnet, ρ is the radius of the trajectory, u is the atomic mass unit, e is the electron charge, γ = 1/ 1 − v 2 /c 2 , v is the velocity of the ion, and c is the velocity of light. Using this procedure, the mass number of each fission fragment is obtained. The absolute calibration in mass number was obtained using previous measurements [35] as a reference. function of the mass-over-charge ratio (A/Z) obtained in this experiment. As can be seen in the figure, a clear identification of fission fragments is achieved with an average resolution of A/A ∼ 0.63% (FWHM).
C. Detection efficiency and transmission of fission fragments
In this section we will describe the corrections applied to the measured isotopic yields to account for the limited detection and geometrical efficiency of the experimental setup. The most important corrections are from secondary reactions, atomic charge states, and transmission of the fission fragments along the detection setup. The efficiency of the detectors for fission events was always above 98% with an uncertainty around 2%.
Secondary reactions in the experimental setup can be produced by two mechanisms: fission of an evaporation residue produced by a first spallation reaction or fragmentation of a fission fragment. In the first case, the probability of producing a fission event was estimated to be around 2.1% (see Ref. [54] ) and its effect on the identification is negligible, however, the second mechanism is more important for an accurate identification. To describe the contribution to the measured yields from fragmentation reactions of fission fragments, the INCL4. 6 [61] + ABLA07 [62] code was used. This code describes somewhat well the total reaction cross sections and the isotopic distributions of the residual fragments close in atomic and mass number to the projectile produced in spallation reactions [61] . Figure 6 shows this correction factor (f sc ) with its associated uncertainty (dashed area) for several elements as a function of the mass number of the fission fragments. As can be seen in the figure, the global effect of secondary reactions is to reduce the yields of neutron-rich fragments in favor of neutron-deficient ones. The main uncertainty of this correction factor comes from the total reaction cross sections calculated with the INCL4.6 model with an uncertainty around 5%.
The correction factor from atomic charge states (f q ) is needed for an accurate identification in the mass-over-charge ratio and was calculated along the setup by using the GLOBAL code [60] . This correction is negligible for nuclei with atomic numbers below 40 and increases exponentially up to 15% for Z = 55. The uncertainty of this correction varies from 4% to 1% for the atomic numbers Z = 55 and Z = 40, respectively.
Finally, the experimental setup used to measure the fission fragments has some geometrical constraints affecting the measured yields. These correction factors are obtained using GEANT4 simulations. The transmission corrections are calculated by counting the number of simulated fission fragments traversing the experimental setup with respect to the total number of simulated ones. In these calculations, only simulated fission events where both fission fragments are transmitted along the experimental setup were counted as fission events.
In Fig. 7 we show the different contributions with their associated uncertainties (dashed areas) to the correction accounting for the transmission of the fission fragments through the experimental setup. The solid line corresponds to the transmission correction factor from the dead zone produced by the central vertical cathode of the twin MUSIC chamber and to the probability that both fission fragments pass through the same part of this detector. The long-dashed line includes the previous correction but also the one from the limited size of the helium pipe situated in front of the twin MUSIC. Finally, the shortdashed line represents the transmission taking into account all geometric constraints along the setup, including the losses in the ToF wall. As can be seen in the figure, the transmission corrections are more important for lighter and heavier fragments because of the angular aperture of the lighter fragments. Figure 8 shows the same corrections but in the form of isotopic distributions for three elements: 30 Zn, 40 Zr, and 50 Sn. As can be seen in the figure, the evolution of the correction with the neutron excess is similar for the three elements although it is more important for the light fragments because of their larger angular apertures. The uncertainty of this correction is smaller than 5%. 
III. RESULTS
In this section we present the results obtained in this work. We will mostly focus on the interpretation of the fragment properties produced on proton-induced fission of 208 Pb at 500A MeV. Observables such as velocities, isotopic cross sections, neutron excess, and the width of the isotopic distributions of the fission fragments are shown in comparison with previous measurements. In addition, mass and charge correlations between the two fragments are investigated as a function of the atomic numbers of the fission fragments. Our results are compared with calculations performed with the Liège intranuclear cascade code INCL4.6 [61] coupled to deexcitation code ABLA07 [62] .
The code INCL4.6 [61] describes the first stage of the reaction between the proton and the lead nucleus as a series of independent nucleon-nucleon collisions, which leave an excited remnant nucleus at the end of the cascade. This nucleus usually deexcites by emitting particles or by fissioning. This last process is described by the deexcitation code ABLA07 [62] which uses the Weisskopf formalism [63] for the evaporation of particles (Z < 3), while the fission probability is determined by an analytical solution of the Fokker-Planck equation [17] that provides a time-dependent fission-decay width. The evaporation of intermediate-mass fragments (IMFs) is also implemented.
The description of the fission fragments properties is based on a semiempirical model [32] . In this work we will only comment on the most important features related to the super-long fission channel, which dominates at high excitation energies. This fission channel can be explained by the macroscopic properties of the potential-energy landscape that is determined by the characteristics of the fissioning nucleus at the saddle point. In particular, the stiffness of the macroscopic potential along the mass-asymmetry degree of freedom is obtained from the systematics of the width of mass distributions measured in Ref. [64] . The neutron-to-proton ratio (N/Z) of the fission fragments is assumed to be given by the unchanged-charge distribution (UCD). This N/Z is modified by the charge polarization effect calculated in terms of the liquid-drop model (LDM) assuming a two touching spheres configuration at the scission point [65] , and by the evaporation of particles during the descent from saddle to scission [62] . Finally, at the scission point the two fission fragments are characterized by their atomic numbers Z 1,2 , mass numbers A 1,2 , kinetic energies E 1,2 kin , and excitation energies E 1,2
x . After the formation of the two fission fragments, their corresponding deexcitation chains are followed until their excitation energies fall below the lowest particle-emission threshold.
A. Isotopic distributions of the fission fragments
The isotopic distributions of the fission fragments are one of the key observables for the understanding of the fission process and could provide valuable information about the excitation energy gained by the fissioning nucleus in the reaction as well as some of its properties at scission, such as polarization and shell effects [37] [38] [39] [66] [67] [68] .
To determine the isotopic distributions of the fission fragments, the measured isotopic yields were extracted from 
where f sc is the correction factor from secondary reactions of the fission fragments, f q is the correction of the atomic charge states, and f tr is the detection efficiency of the setup (see Sec. II 3). Finally, the isotopic cross sections are obtained normalizing the isotopic yields to twice the total fission cross section measured in the present experiment [54] .
In Fig. 9 we show the measured isotopic cross-section distributions of fission products (solid circles) for elements between cobalt (Z = 27) and tellurium (Z = 52). The values of the isotopic cross sections are also listed in the appendix. There was still some production by fission of fragments below cobalt and above tellurium, but these isotopic cross sections are not listed because the geometrical efficiency or mass resolution do not allow us to extract them with sufficient accuracy. The displayed measurement covers all the isotopes for each element with a statistical uncertainty below 10%. The complete isotopic production is compared with INCL4.6 [61] +ABLA07 [62] In Ref. [54] , it was shown that the total fission cross section obtained at the FRS spectrometer (232 ± 33 mb) presents a significant deviation from recent measurements by Schmidt and collaborators (146 ± 7 mb) [69] and the one determined in the present experiment (149 ± 8 mb) [54] for the same reaction and energy, and also from the systematic at different energies [54] . Therefore, for the comparison of the isotopic distributions, we have normalized the values measured by Fernández-Domínguez and collaborators to the value of the total fission cross section we have measured.
This normalization was also applied in Fig. 10(b) , where we compare the mass distribution of the fission fragments. As can be seen in both figures, our new measurements are in excellent agreement with the ones reported by Fernández-Domínguez (open circles) after normalization. Therefore, we can conclude that the problem with the previous measurement was only in the value of the total fission cross section. The reason for this 40.0 ± 0.1 6.3 ± 0.2 208 Pb (500A MeV) + p [57] 40.0 ± 0.5 6.6 ± 0.7 208 Pb (500A MeV) + d [57] 39.1 ± 0.5 7.0 ± 0.5 nat Pb + p (600 MeV) [70] 40.0 ± 0.1 6.34 ± 0.1 208 Pb (1A GeV) + p [33] 39.6 ± 0.5 6.6 ± 0.3 208 Pb (1A GeV) + d [71] 39.0 ± 0.7 7.3 ± 0.5 discrepancy is not fully clear although the good agreement in the mass and charge distributions between the normalized FRS data and the present ones help us to exclude a problem with the correction applied to the FRS data because of the limited angular acceptance of the spectrometer. The discrepancy should then be caused by a wrong absolute normalization of the yields measured at the FRS. The measurement of 208 Pb + p at 1A GeV performed by Enqvist and collaborators (open squares) [33] is also displayed in Figs. 10(a) and 10(b) . All the measurements seem to be in good agreement although the measurement at 1A GeV shows an increase in the production of light fission fragments. This fact can be explained by the production of lighter fissioning nuclei and the larger excitation energies.
To investigate the energy dependence of the atomic-and mass-number distributions of the fission fragments, we compare our results with others obtained at different energies for similar systems. This is done in Tables I and II , where the mean values and integral widths of the atomic-and mass-number distributions are listed, respectively. The normalized values reported by Fernández-Domínguez and collaborators [35] are in excellent agreement with our results. The measurement of 208 Pb + p reported by Ayyad and collaborators [57] is also in agreement with our value taking its uncertainty bar into account. Our results are also in excellent agreement with the values reported by Hagebø and Lund [70] , measuring the fragments produced in the fission of natural lead with protons at 600 MeV.
The reactions 208 Pb + d at 500A MeV [57] and 1A GeV [71] , and 208 Pb + p at 1A GeV [33] have also been considered to complete the investigation of the energy dependence. As can be observed in the tables, the mean values of the massand atomic-number distributions decrease when increasing the bombarding energy. This is expected because the reactions are [35] 93.0 ± 0.4 15.1 ± 0.6 nat Pb + p (600 MeV) [70] 93.2 ± 0.4 14.9 ± 0.1 208 Pb (1A GeV) + p [33] 90.7 ± 0.4 16.1 ± 0.8 208 Pb (1A GeV) + d [71] 89.6 ± 1.1 17.4 ± 1.0 064616-8 more violent and the number of removed nucleons increases, leading to lighter fissioning nuclei. Conversely, the integral widths increase because of the larger excitation energy. This last feature can be explained in the framework of the statistical model [72] . According to this model the width of the atomic-and mass-number distributions of the fission fragments can be parametrized as a function of the temperature at the saddle point (T sad ) as
where d 2 V /dν 2 is the second derivative of the potential with respect to the mass-asymmetry degree of freedom at the saddle point ν = (4/A fiss )/(M − A fiss /2). A fiss and Z fiss correspond to the mass and atomic numbers of the fissioning nucleus, respectively, and M represents the mass number of the corresponding fragment. According to these equations, the integral width increases with the excitation energy or temperature of the fissioning system at the saddle point, which is consistent with the evolution shown in the measurements. Therefore, we can conclude that the integral widths of the atomic-and mass-number distributions are dominated by the excitation energy of the fissioning system at saddle because the average atomic and mass numbers of the produced fissioning systems decrease with increasing the violence of the reaction as discussed above.
B. Mass and charge correlations between the two fission fragments
In this section, we will take advantage of the complete characterization of the two fission fragments achieved in this work to obtain additional information about the dynamical evolution of the fission process from correlations between the fragments and the fissioning systems.
The first observable we propose to characterize the properties of the fission fragments is the neutron excess of the final fragments, defined as the average neutron number N of a given isotopic distribution divided by its corresponding atomic number Z.
The measured neutron excess of the final fission fragments (solid circles) is displayed as a function of the atomic number in Fig. 11(a) , and also compared to previous measurements of the reaction 208 Pb + p at 500A MeV (open circles) [35] and at 1A GeV (open squares) [33] performed at the FRS. As can be seen in the figure, our new measurement is in excellent agreement with the previous one at 500A MeV. The comparison with the measurement at 1A GeV (open squares) [33] clearly indicates that the neutron excess of the final fission fragments decreases with the reaction energy. This fact can be understood in terms of excitation energy enhancing the evaporation of neutrons and reducing the neutron excess.
The neutron excess of the fission fragments produced in both reactions (500A MeV and 1A GeV) clearly depends on their atomic number. This dependence is attributed to the modification of the average neutron excess of the fragments at scission with respect to the one of the fissioning systems, referred to as charge polarization, but also to the excitation energy sharing between the two fragments at scission. The polarization effect is explained by the exchange of protons and neutrons between the nascent fission fragments during the descent from the saddle point to scission. The neutron excess of the fragments at scission corresponds to the one giving a maximum of the saddle-to-scission released energy. In a quasistatic approximation the charge polarization can be obtained as the neutron excess of the fragments at the scission point which minimizes the forces between the nascent fragments. According to Ref. [65] , such a calculation can be done from the intrinsic binding energies and mutual Coulomb repulsion for the two nascent fragments represented by twotouching spheroids.
The partition of energy between the two fission fragments and the subsequent postscission neutron evaporation also 064616-9 have a significant impact in the neutron excess of the final fission fragments, as can be seen in Fig. 11(b) . For a better understanding, we compare the measured neutron excess (solid circles) with different model calculations using the code ABLA07 [62] . The solid line represents the average neutron excess of the fission fragments at the scission point calculated according to the UCD hypothesis. This estimation of the average neutron excess of the fission fragments is compared with a calculation taking into account the polarization effect (dotted line). The long-and short-dashed lines represent calculations considering the postscission neutron evaporation after a symmetric partition of excitation energy (E * i = 1/2E * ) and a partition as a function of the masses of the fission fragments at scission (E * i = A i /A Tot E * ), respectively. The difference observed between the dotted and the two dashed lines can be attributed to the postscission evaporation of neutrons. As can be seen, a symmetric partition of the available excitation energy describes the neutron excess for symmetric fission fragments Z ∼ 40 (long-dashed line), but presents a deviation for the lighter and heavier fragments. On the other hand, the energy partition as a function of the mass partition describes somewhat well the data (short-dashed line). Therefore, we can conclude that this observable is sensitive to the charge polarization effect and to the partition of excitation energy between the two fission fragments. Indeed, the best description of the data is obtained with a statistical picture, in which the fission fragments share the available excitation energy at scission according to their masses.
Our new measurement also allows us to investigate the evolution of this observable as a function of the atomic number of the fissioning system (Z 1 + Z 2 ), which presents a strong correlation with the excitation energy gained by the fissioning system at saddle [17, 40, 57] . As can be seen in Fig. 12 (solid  circles) , the neutron excess of the final fission fragments decreases with the decrease of the atomic number of the fissioning system. This feature is expected because, according to the calculations shown in the inset of the figure, lighter fissioning nuclei are produced in more violent collisions [57] where the highly excited fission fragments evaporate more neutrons. Therefore, this observable is also sensitive to the excitation energy gained by the fissioning system.
Another interesting observable is the standard deviation of the isotopic distributions of the fission fragments. In Fig. 13(a) we depict the evolution of this observable as a function of the atomic number of the fission fragments (solid circles).
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In the figure we also compare our data with the previous measurement performed at the FRS (open circles) [35] . One can see that both measurements are in good agreement. As expected from a statistical picture [72] , the widths of the isotopic distributions of the fission fragments increase with the atomic number (solid line). In the inset of Fig. 13(a) we represent the standard deviation of the isotopic distributions for the fission fragment Z 1 (solid circles) and Z 2 (open triangles) as a function of the atomic number of the first fragment Z 1 . The widths of the second fission fragment (Z 2 ) are conditioned by the total atomic number of the fissioning system at saddle Z 1 + Z 2 = 82, assuming no evaporation of protons beyond the scission point. From the data, we observe that the evolution of the widths of the isotopic distributions is symmetric as expected by atomic and mass number conservation.
In Fig. 13(b) the data are also compared with two model calculations using different prescriptions for the energy sharing between the two fission fragments. Again, the long-and short-dashed lines represent calculations using a symmetric partition of excitation energy and a partition as a function of the masses of the fission fragments at scission, respectively. Both calculations yield similar results and are in good agreement with the experimental data. We can then conclude that this observable is not sensitive to the repartition of the excitation energy between the fission fragments at the scission point.
The difference between the measured widths and the ones calculated at the scission point (solid line) could be from structural effects affecting the last steps of the postscission neutron evaporation. Indeed, the slope change observed between Z = 35 and Z = 43 could be attributed to the neutron shell N = 50. These isotopic chains cross the N = 50 shell. Isotopes close to this shell present larger binding energies, preventing neutron evaporation. The inset in Fig. 13(b) illustrates this effect displaying the difference between the maximum and minimum binding energy in the isotopic chains of the fission fragments measured in this work as a function of their atomic number. This effect reduces the widths of the isotopic distribution of the fission fragments with respect to the calculated ones at scission (solid line). To validate this interpretation, we also calculated the widths of the isotopic distribution considering a constant value of the neutron separation energy of S n = 12 MeV for all the fission fragments (dotted line). One can observe that this calculation does not present large deviations with respect to the one at scission. Therefore, the slope changes observed in the widths of the isotopic distribution can only be attributed to the larger neutron separation energies for the fission fragments crossing the neutron shell N = 50.
In Fig. 14 , we display again the evolution of the widths of the isotopic distributions as a function of the atomic number of the fission fragments, but this time for two different fissioning systems: Z 1 + Z 2 = 82 (solid triangles) and Z 1 + Z 2 = 76 (open triangles). As can be seen in the figure, the widths of the isotopic distributions of the fissioning system Z 1 + Z 2 = 76 are larger than the ones measured for the fissioning system Z 1 + Z 2 = 82. The data are also compared with ABLA07 [62] calculations. The calculations show similar evolutions under the same conditions. This tendency would be explained by the fact that the fissioning systems with smaller atomic number [62] calculations for the same fissioning systems: Z 1 + Z 2 = 82 (longdashed line) and Z 1 + Z 2 = 76 (dotted line). The inset shows the calculated excitation energy of the fission fragments at scission as a function of the atomic number of the final fission fragments for the fissioning systems Z 1 + Z 2 = 82 (long-dashed line) and
gain more excitation energy than the ones with larger values of atomic number. To validate this hypothesis, in the inset of the figure we represent the calculated mean excitation energy of the fission fragments as a function of their atomic number. One can observe that the mean excitation energy for Z 1 + Z 2 = 76 is always larger for all atomic numbers of the fission fragments. In both cases we observe, however, similar slope changes in the evolution of the widths of the isotopic distributions as a function of the corresponding atomic number. Therefore, we can confirm that this observable is sensitive to the total excitation energy gained by the fissioning system and to structural effects in the fission fragments, but not to the share of the excitation energy between the two fragments.
C. Velocities of the fission fragments
The reconstructed path length of the nuclei traversing the experimental setup together with the ToF measurements were used to obtain the velocity of the fission fragments in the laboratory frame. These velocities can then be transformed into the reference frame defined by the velocity of the incoming projectiles in the center of the target using the corresponding Lorentz transformation. The experimental setup allows for a precise reconstruction of the laboratory angles of the fission fragments (better than 0.4 mrad), and therefore the measurement of the velocity is performed with a good accuracy (better than 5%) in the reference frame of the incoming projectiles.
Fission velocities provide information on the Coulomb repulsion experienced by the fission fragments at the scission point. Therefore, one could use these velocities to assess the distance between the two fission fragments formed at the scission point. According to the semistatistical scission point model of Wilkins and collaborators [73] , the main contribution to the total kinetic energies released in the fission process comes from the Coulomb repulsion of the two fission fragments at the scission point and, therefore, this total kinetic energy is given by
where Z 1 and Z 2 refer to the atomic number of the two fission fragments and D is the distance between the two uniformly charged spheroids representing the fission fragments. This distance is parametrized as
where A 1 and A 2 refer to the mass number of the two fission fragments, β 1 and β 2 are their quadrupole deformations at the scission point, r 0 is the fermi radius, and d is the tip distance between the two fission fragments. Following this semistatistical approach, the fission velocity can be written as
Equations (4)- (6) are included in the fission model of ABLA07 [62] to calculate the fission velocities of the fission fragments. It is well known that one of the parameters affecting the velocity gained by the fission fragments is the tip distance d. In the pioneering work of Wilkins and collaborators [73] a standard tip distance d = 2 fm was proposed. Recent works [39] based on measurements of the total kinetic energy, using constant values for the quadrupole deformation at the scission point (β 1 = β 2 = 0.625), have also found a similar value for the tip distance. In other works, the authors have found that the tip distance has an upper limit around 3 fm [74, 75] , where larger values are considered as invalid configurations. This upper limit is consistent with the values recently found by the authors of Ref. [76] , where a dependence of the tip distance d with the Coulomb-repulsion term of the LDM was observed.
In Fig. 15 we display the average velocities of the fission fragments as a function of their atomic number (open triangles). As can be seen in the figure, the fission velocities decrease with the atomic number of the fission fragments, which is a natural consequence of the momentum conservation between the light and the heavy fission fragment. In the same figure, our measurement is compared with different calculations based on the proposed value for the tip distance d = 2 fm (dashed line), the found upper limit d = 3 fm (dotted line), and d = 1 fm (solid line). One can observe that these calculations provide similar results with a difference smaller than 7%. Therefore, one can conclude that the mean fission velocities of the fission fragments as a function of their atomic numbers present a limited sensitivity to the tip distance between the two fission fragments at scission. This result confirms the need of additional observables to further investigate this issue. Equation (6) indicates a clear dependence of the fission velocity on the total charge of the fissioning system at scission. Therefore, in Fig. 16(a) we display the average fission velocities of the fission fragments as a function of the atomic number of the fissioning nucleus (solid circles). Surprisingly, the velocities do not depend very much on the size of the fissioning system. To understand this result, we compare our data with different model calculations, in particular with one using a tip distance between the fission fragments at scission of d = 2 fm (dotted line). As can be seen in the figure, this calculation cannot describe the evolution of the data, and shows a clear deviation for the lighter fissioning nuclei (Z 1 + Z 2 < 78).
To understand this discrepancy, we also compare our measurement with different calculations changing the mass and atomic numbers of the fission fragments. The calculations performed with A − 1 (dot-dashed line) and A + 1 (dotlong-dashed line) do not show any sizable difference with respect to standard ones, while the calculations assuming Z − 1 (double-dot-dashed line) and Z + 1 (long-dashed line) present offsets that can be explained with the decrease and increase of the Coulomb repulsion, respectively, but none of them provides a satisfactory description of the data. From these calculations we conclude that the discrepancy observed between the standard calculations and our data cannot be explained with simple variations of the atomic or mass number of the fission fragments at scission.
Following Ref. [76] , the tip distance between the two fission fragments increases with the repulsion term Z 2 /A 1/3 and then with the atomic number of the fissioning system. This fact indicates that the tip distance is expected to increase with the atomic number of the fissioning nuclei. Based on this idea, we performed calculations using a tip distance of 1 fm to try to describe the mean fission velocities of the lighter fissioning system, taking into account that calculations with d = 2 fm can reproduce the velocities of the heavier fissioning nuclei (Z 1 + Z 2 ∼ 82). As can be seen in the figure, this overestimates our measurement for the heaviest fissioning nuclei, but seems to be in agreement with the mean fission velocities obtained for the lightest ones. These calculations seem to point out a dependence of the tip distance with the size of the fissioning system and, thus, we implemented such a dependence in our calculations. Equation (7) represents the used parametrization, where d is the tip distance and Z sci fiss the atomic number of the fissioning system at the scission point:
The result of the calculation using this parametrization is also represented in Fig. 16 (a) (solid line), describing somewhat well the data.
However, the distance between the two fission fragments also depends on their quadrupole deformations [see Eq. (5)]. This issue is investigated in Fig. 16(b) , where the data are compared with different calculations. The solid line represents a calculation using a constant quadrupole deformation of β = 0.625 for both fission fragments, while the dashed line represents the same calculation but for a constant quadrupole deformation of β = 0.4. This reduction of the deformation could also explain the increase of the average fission velocities. However, the fission fragments produced for the different fissioning systems are somewhat similar in size and therefore in deformation. This result is displayed in the inset of the figure, where the evolution of the average quadrupole deformation as predicted by the LDM for the fission fragments at scission [73] is represented relative to the value obtained for the fissioning systems Z 1 + Z 2 = 82 as a function of the atomic number of the fissioning system (open squares). As can be seen, the difference in percent between the mean deformations as a function of Z 1 + Z 2 is below 2%. In the same inset, we also display the evolution of the average Coulomb-repulsion term Z 2 /A 1/3 of the fissioning systems (solid circles), which changes a factor around 20% between Z 1 + Z 2 = 82 and Z 1 + Z 2 = 73. This fact, together with the negligible change on quadrupole deformation, favors the idea of a variation of the tip distance with the atomic number of the fissioning system. We conclude that a change of the distance between the two fission fragments is needed to explain the evolution of the average fission velocities as a function of the size of the fissioning system.
IV. SUMMARY AND CONCLUSIONS
In the present work, we have investigated proton-induced fission of 208 Pb in inverse kinematics at 500A MeV using a highly efficient detection setup that permitted one for the first time to measure in coincidence the mass and atomic number of the two fission fragments with good resolution.
The atomic-number distributions of the fission fragments are obtained from energy loss measurements in a double multisampling ionization chamber (twin MUSIC) with a resolution below 0.43 charge units (FWHM), while the mass numbers are obtained from the mass-over-charge ratio (A/Z) determined from magnetic rigidity and time-of-flight measurements with a resolution of 40 ps (FWHM). This measurement provides the complete isotopic distribution of fission fragments from cobalt to tellurium with an average mass-number resolution of A ∼ 0.6 mass units (FWHM). These new data are used to validate previous controversial measurements of the same isotopic distributions and to study their properties, such as the mean neutron excess and the widths of the distributions, but also the velocities of the final fission fragments.
Moreover, our measurement allows us to investigate the mass and charge correlations between the two fission fragments. We investigated the evolution of the average neutron excess and the width of the isotopic distributions of the final fission fragments as a function of the atomic number of the fissioning nuclei. Different model calculations of the neutron excess indicate that this observable is sensitive to the 064616-13 polarization effect, the postscission neutron evaporation and the partition of the excitation energy between the two fission fragments at scission. Our calculations helped us to conclude that a partition of excitation energy as a function of the masses of the fission fragments provides a better description of the data. We also observe that the neutron excess of the fission fragments decreases with decreasing the atomic number of the fissioning system. This fact can be explained by an increase of the excitation energy for the lighter fissioning systems at the saddle point [17, 40, 57] .
On the other hand, we showed that the widths of the isotopic distributions are sensitive to the total excitation energy gained by the fissioning system and to structural effects in the deexcitation of fission fragments crossing the neutron shell N = 50. The slope changes observed in the widths of the isotopic distribution can only be explained by the larger neutron separation energies for the fission fragments crossing the neutron shell N = 50.
In addition, our data are used to investigate the velocities of the fission fragments at the scission point as a function of the atomic number of the fissioning system. The comparison with different model calculations for the fissioning nuclei investigated in this work allows us to conclude that the velocities of the fragments as a function of the size of the fissioning nuclei are more sensitive to the tip distance between the fission fragments than to their quadrupole deformations. 
APPENDIX: ISOTOPIC CROSS SECTIONS
The isotopic cross sections of the fission fragments measured in the reaction 208 Pb + p at 500A MeV are listed in Table III with their associated uncertainties. 
